Rationale Nalfurafine is a G protein signaling-biased kappa opioid receptor (KOR) agonist approved in Japan for secondline treatment of uremic pruritus. Neither nalfurafine nor any other KOR agonist is currently approved anywhere for treatment of pain, but recent evidence suggests that G protein signaling-biased KOR agonists may have promise as candidate analgesics/antipruritics with reduced side effects compared to nonbiased or ß-arrestin-signaling-biased KOR agonists. Objectives This study compared nalfurafine effects in rats using assays of pain-stimulated and pain-depressed behavior used previously to evaluate other candidate analgesics. Nalfurafine effects were also examined in complementary assays of itch-stimulated and itch-depressed behavior. Methods Intraperitoneal lactic acid (IP acid) and intradermal serotonin (ID 5HT) served as noxious and pruritic stimuli, respectively, in male Sprague Dawley rats to stimulate stretching (IP acid) or scratching (ID 5HT) or to depress positively reinforced operant responding in an assay of intracranial self-stimulation (ICSS; both stimuli). Results Nalfurafine was equipotent to decrease IP acidstimulated stretching and ID 5HT-stimulated scratching; however, doses of nalfurafine that decreased these pain/itchstimulated behaviors also decreased control ICSS performance. Moreover, nalfurafine failed to alleviate either IP acid-or ID 5HT-induced depression of ICSS. Conclusions These results suggest that nalfurafine-induced decreases in pain/itch-stimulated behaviors may reflect nonselective decreases in motivated behavior rather than analgesia or antipruritus against the noxious and pruritic stimuli used here. This conclusion agrees with the absence of clinical data for nalfurafine analgesia and the weak clinical data for nalfurafine antipruritus. Nalfurafine bias for G protein signaling may not be sufficient for clinically safe and reliable analgesia or antipruritus.
Introduction
Nalfurafine is a high-efficacy kappa opioid receptor (KOR) agonist available clinically in Japan for treatment of uremic pruritus (Inui 2015) . Relative to many other KOR agonists, nalfurafine is biased toward G protein vs. ß-arrestin intracellular signaling pathways coupled to KOR (Schattauer et al. 2017) , and this signaling bias may contribute to an improved side-effect profile (Brust et al. 2016; Dogra and Yadav 2015; White et al. 2015) . Consistent with this possibility, nalfurafine was initially evaluated as a candidate analgesic and found to be effective in a wide range of preclinical pain assays (Endoh et al. 1999 (Endoh et al. , 2000 (Endoh et al. , 2001 Nagase et al. 1998) ; however, it has not been approved for the treatment of pain in Japan or elsewhere, and there is no published evidence to suggest that it has clinical efficacy for treatment of pain in humans. Thus, nalfurafine may be similar to other centrally acting KOR agonists such as enadoline that have also shown efficacy to produce antinociception in conventional preclinical pain assays (Davis et al. 1992; Field et al. 1999; Hunter et al. 1990) but then failed to display adequate analgesic effectiveness and/or safety in clinical trials (Pande et al. 1996) . The centrally acting kappa agonist salvinorin A, which is sometimes abused, has also been shown to produce antinociception in many conventional preclinical pain assays (Kivell and Prisinzano 2010; Listos et al. 2011) , but analgesia has not been cited as an effect in humans under laboratory conditions (Johnson et al. 2011; MacLean et al. 2013) or in published anecdotal reports following its recreational use (Baggott et al. 2010) . At present, no selective centrally acting kappa opioid agonists are clinically approved for pain treatment, and there is no evidence that these drugs are used to treat pain in humans.
One possible cause for the poor preclinical-to-clinical translation of results with centrally acting KOR agonists is the discordance in endpoints between animal and human studies of candidate analgesics. In humans, the primary endpoints for analgesic assessment are verbal reports by the patient using instruments such as numeric rating scales (Melzack and Katz 2013) . Conversely, conventional procedures in laboratory animals measure behaviors that can be labeled as Bpain-stimulated behaviors^ (Negus 2013; Negus et al. 2006) . These are behaviors that increase in rate, frequency, or intensity after delivery of a noxious stimulus, and examples include withdrawal responses from escapable stimuli (e.g., tail withdrawal from a thermal stimulus) or other behaviors stimulated by inescapable stimuli (e.g., writhing/stretching responses elicited by intraperitoneal injection of chemical irritants). Analgesic drugs decrease expression of pain-stimulated behaviors, but false-positive effects can result from nonselective drug effects such as sedation or paralysis. Insofar as centrally acting KOR agonists are well known to inhibit expression of a wide range of behaviors, it is possible that apparent antinociception by KOR agonists in conventional preclinical assays of pain-stimulated behavior reflects nonselective motor inhibition rather than analgesia (Brust et al. 2016; Negus et al. 2010 Negus et al. , 2012a Negus et al. , 2015 .
A secondary category of pain behaviors in human studies focuses on pain-related impairment of function (e.g., decreased ability to walk, recreate, or work). We have referred to these as Bpain-depressed behaviors^(i.e., behaviors that decrease in rate, frequency, or intensity after delivery of a noxious stimulus (Negus 2013; Negus et al. 2006) ). Although the degree of functional impairment and paindepressed behavior in humans can be assessed by questionnaires answered by the patient, it can also be assessed by external observers in cases where the patient is not verbally capable (e.g., children) (Dworkin et al. 2005; McGrath and Unruh 2013; Melzack and Katz 2013) . Measurement of functional impairment by external observers also plays a key role in veterinary pain assessment (Brown et al. 2008; National Research Council 2003) , and relief of pain-related functional impairment is a goal in both human and veterinary medical practice. Thus, measures of pain-related functional impairment are clinically relevant, translationally viable, and suitable for assessment by external observers as part of a preclinical research program. Additionally, analgesia in assays of paindepressed behavior manifests as an increase in the target behavior, and as a result, drugs that produce non-selective motor inhibition do not produce false-positive analgesic-like effects. Accordingly, we and others have developed preclinical assays of pain-related depression of unconditioned and operant conditioned behaviors in rodents (Cobos et al. 2012; Kandasamy et al. 2017; Negus et al. 2015; Pereira Do Carmo et al. 2009 ). The goal of the present study was to compare the effects of nalfurafine in complementary assays of pain-stimulated and pain-depressed behavior that have been used previously to examine other classes of candidate analgesics in rats Freitas et al. 2015; Kwilasz and Negus 2012; Rosenberg et al. 2013) , including KOR agonists (Brust et al. 2016; Negus et al. 2010 Negus et al. , 2012a . In addition, because nalfurafine is approved clinically for the treatment of itch, we also evaluated nalfurafine effects in complementary assays of itch-stimulated and itch-depressed behavior.
Methods

Subjects
A total of 47 adult male Sprague Dawley rats (ENVIGO, Frederick, MD) had ad libitum access to food and water and were housed individually on a 12-h light-dark cycle (6 a.m.-6 p.m., lights on) in a facility accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. Rats weighed between 300 and 350 g at the time of surgery for implantation of intracranial electrodes. All experiments were approved by the Institutional Animal Care and Use Committee at Virginia Commonwealth University in accordance with the National Institutes of Health guidelines (National Research Council 2011).
Assay of intracranial self-stimulation
Surgery ICSS studies were conducted using procedures similar to those described previously for studies with kappa, mu, and delta opioid receptor agonists Negus et al. 2010 Negus et al. , 2012a and with other nonopioid drugs (Negus 2013; Negus and Miller 2014) . Rats were anesthetized with isoflurane (3% in oxygen; Webster Veterinary, Phoenix, AZ) and secured in a stereotaxic apparatus for implantation of stainless steel electrodes (Plastics One, Roanoke, VA, USA). The cathode was implanted into the left medial forebrain bundle at the level of the lateral hypothalamus (2.8 mm posterior to the bregma, 1.7 mm lateral to the midsagittal suture, and 8.8 mm ventral to the skull; skull flat method). The anode was wrapped around one of three skull screws to act as a ground, and dental acrylic secured the electrode to the screws and skull. Ketoprofen (5 mg/kg, IP) was administered as a postoperative analgesic immediately and 24 h following surgery. Animals were allowed to recover for at least 1 week before ICSS training.
Apparatus Operant-conditioning chambers consisted of sound-attenuating boxes containing modular acrylic and metal test chambers (29.2 × 30.5 × 24.1 cm) (Med Associates, St. Albans, VT). Each chamber had a response lever (4.5 cm wide, 2.0 cm deep, 3.0 cm above the floor); three stimulus lights (red, yellow, and green) centered 7.6 cm above the lever; a 2-watt house light; and an ICSS stimulator. Bipolar cables routed through a swivel-commutator (Model SL2C, Plastics One) connected the stimulator to the electrode. MED-PC IV computer software controlled all programming parameters and data collection (Med Associates).
Training A house light was illuminated during behavioral sessions, and lever-press responding under a fixed-ratio 1 (FR1) schedule produced delivery of a 0.5-s train of squarewave cathodal pulses (0.1 ms per pulse) via the intracranial electrode. During brain stimulation, the stimulus lights over the lever were illuminated, and responding had no scheduled consequences. During initial 60-min training sessions, stimulation intensity was set at 150 μA, and stimulation frequency was set at 158 Hz. Stimulation intensity was then individually manipulated in each rat to identify an intensity that maintained reinforcement rates > 30 stimulations/min (95-295 μA for this study). Once an appropriate intensity was identified, changes in frequency were introduced during sessions consisting of three consecutive 10-min components, each of which contained ten consecutive 60-s trials. The stimulation frequency decreased from 158 to 56 Hz in ten 0.05 log unit steps across trials. Each trial began with a 10-s time-out period, during which responding had no scheduled consequences, and five non-contingent stimulations at the designated frequency were delivered. During the remaining 50 s of each trial, responding produced brain stimulation at the designated frequency and illumination of the lever lights under the FR1 schedule. ICSS performance was considered to be stable when frequency-rate curves were not statistically different over 3 consecutive days of training as indicated by lack of a significant effect of Bday^in a two-way analysis of variance (ANOVA) with day and frequency as the main effect variables (see BData analysis^below). All training was completed within 6 weeks of surgery. Rats that did not meet criteria for ICSS studies within 6 weeks were used for studies of acidstimulated stretching or serotonin-stimulated scratching (see below).
Testing Test sessions consisted of three consecutive baseline components followed first by a treatment period and then by a series of test components. Three general types of test sessions were conducted that varied details of the treatment period and test components. First, the potency, time course, and KOR mediation of effects produced by nalfurafine in the absence of a noxious or pruritic stimulus were determined. For doseeffect studies, a 10-min treatment period was followed by two test components, and nalfurafine (0.001-0.1 mg/kg) or saline vehicle was administered IP at the beginning of the treatment period. For time-course studies, administration of 0.032 mg/ kg nalfurafine was followed by pairs of test components beginning 10, 30, 100, 180, 300, and 1440 min after drug administration. To assess KOR mediation of nalfurafine effects, new sets of drug-naïve rats were treated with saline vehicle or a dose of the KOR antagonist JDTic (10 mg/kg, SC) shown previously to block KOR agonist effects in rats for up to 1 week (Carroll et al. 2004; Runyon et al. 2010) . Test sessions with nalfurafine and morphine were conducted in counterbalanced order 24 or 72 h after saline/JDTic administration (i.e., some rats were tested with nalfurafine after 24 h and morphine after 72 h, and other rats were tested with morphine first then nalfurafine). During test sessions, rats received cumulative doses of nalfurafine (0.0032-0.1 mg/kg) or morphine (1.0-10 mg/kg) such that sequential doses were administered IP at 50-min intervals, each dose increased the total cumulative dose by 0.5 log units, and a pair of test components began 30 min after each dose.
Second, nalfurafine effects on acid-induced (i.e., pain-related) depression of ICSS were examined in a new set of drugnaïve rats. For these studies, a 30-min treatment period was followed by two test components. A dose of nalfurafine (0.001-0.01 mg/kg) or saline vehicle was administered IP at the beginning of each treatment period, and dilute lactic acid (1.8% in an injection volume of 1 ml/kg) was administered IP at the end of each treatment period. The acid treatment was identical to that used in previous studies of opioid agonist effects on acid-induced depression of ICSS Negus et al. 2010; Negus et al. 2012a, b) .
Lastly, nalfurafine effects were examined in a final set of drug-naïve rats on depression of ICSS induced by serotonin (5HT) as an itch-related stimulus. 5HT was used as the pruritic agent because (a) previous studies found that 5HT produces more robust and reliable scratching than other pruritic agents in rats (Jinks and Carstens 2002; Klein et al. 2011; Thomsen et al. 2001) , and (b) serotonin has been implicated as one mediator of uremic pruritus (Balaskas et al. 1998) , the condition for which nalfurafine is clinically approved. For these studies, a 30-min treatment period was followed by four test components. A dose of nalfurafine (0.001-0.1 mg/kg), the mu opioid agonist morphine (1.0 mg/kg), the nonsteroidal antiinflammatory drug ketoprofen (1.0 mg/kg), or saline vehicle was administered IP at the beginning of each treatment period; 5HT (0.5 mg in an injection volume of 50 μl) was administered intradermally 10 min later; and testing began 20 min after 5HT administration. The dose and temporal parameters of ID 5HT were based on previous studies (Thomsen et al. 2001 ) and on preliminary data showing that peak ICSS depression occurred after 20 min and lasted for at least 40 min. For ID 5HT administration, the midscapular region was shaved weekly (after test sessions on Fridays; at least 96 h before the next test session), and 5HT was administered into the skin of the shaved region. As a control experiment, the same 5HT dose was administered IP without any drug pretreatment. The morphine and ketoprofen doses were selected because they have been shown previously to block acidinduced depression of ICSS Negus et al. 2012a) .
Test sessions were conducted on Tuesdays and Fridays, and three-component training sessions were conducted on other weekdays. All studies associated with any one set of treatments were completed before advancing to another treatment. Within each treatment condition, dose order was varied using a pseudo Latin-square design in groups of five to eight rats.
Data analysis
The first baseline component of each test session was considered a Bwarm up^component, and data were discarded. The primary dependent variable was reinforcement rate in stimulations per minute during each frequency trial for the second and third baseline components and for all test components. To normalize these data, raw reinforcement rates from each trial in each rat were converted to percent maximum control rate (% MCR) for that rat on that day. MCR was defined as the mean of the maximal rates observed during the second and third baseline components of that test session. Subsequently, % MCR values for each trial were calculated as ((reinforcement rate during a frequency trial)/(MCR)) × 100. For each rat, data from baseline and test components were averaged to yield baseline and test frequency-rate curves. Baseline and test data were then averaged across rats to yield mean baseline and test frequency-rate curves for each manipulation. Results were compared by repeated-measures twoway ANOVA with ICSS frequency as one factor and dose, time, or treatment type as the second factor. For these and all other ANOVAs, the Greenhouse-Geisser correction was used to adjust for any violations of sphericity as determined by Mauchly's test. A significant ANOVA was followed by the Holm-Sidak post hoc test, and the criterion for significance for these and all other analyses was p < 0.05.
To provide an additional summary measure of ICSS performance, the total number of stimulations was determined across all ten frequency trials of each component. Test data were expressed as a percentage of the average number of total stimulations per component during the second and third baseline components for that day. Thus, % Baseline Stimulations was calculated as (mean total stimulations per test component/ mean total stimulations per baseline component) × 100. These data were then averaged across rats for each manipulation and analyzed by one-or two-way ANOVA as appropriate.
Assay of acid-stimulated stretching
Behavioral procedure A subset of rats that failed to meet ICSS training criteria was used in studies of acid-stimulated stretching as described previously Negus et al. 2010 Negus et al. , 2012a . During test sessions, IP nalfurafine (0.001-0.032 mg/kg) or saline vehicle was followed first by a pretreatment interval identical to that used for ICSS and then by IP injection of dilute lactic acid (1.8% in a volume of 1 ml/ kg, identical to ICSS studies). Immediately after the acid injection, rats were placed into an amber acrylic test chamber (31.0 × 20.1 × 20.0 cm) for a 30-min observation period, and the number of stretches was counted. A stretch was operationally defined as a contraction of the abdomen followed by extension of the hind limbs. Dose order across rats was counterbalanced using a pseudo Latin-square design, and at least 48 h separated test sessions for each rat. Rats were drug naïve at the start of each study, and the experimenter who scored stretching was blind to the drug treatments. All rats were initially tested twice with acid alone, and only rats that exhibited greater than 10 mean stretches during these sessions were included in this study (7 of 12 rats evaluated).
Data analysis The primary dependent variable was the number of stretches counted during each observation period in each rat. The effect of nalfurafine dose was evaluated by one-way ANOVA.
Assay of serotonin-stimulated scratching
Behavioral procedure Subsets of rats that failed to meet ICSS training criteria and that were not used for acidstimulated stretching were assigned to studies of 5HT-stimulated scratching. During test sessions, IP nalfurafine (0.001-0.1 mg/kg) or saline vehicle was followed first by a pretreatment interval identical to that used for ICSS studies and then by ID injection of either saline vehicle or 5HT (0.5 mg in a volume of 50 μl, identical to ICSS studies). Twenty minutes after 5HT, rats were placed into an amber acrylic test chamber (31.0 × 20.1 × 20.0 cm) for a 40-min observation period, and the number of scratching bouts was counted. A scratching bout was operationally defined as lifting of a hind limb followed by at least one scratching movement by a hind paw to the midscapular region. Bouts were separated by return of the hind limb to the cage floor and a period in which the animal discontinued scratching of the midscapular region for at least 1 s. Dose order across rats was counterbalanced using a pseudo Latin-square design, except for the highest dose of nalfurafine (0.1 mg/kg), which was the last dose tested in all rats. At least 48 h separated test sessions for each rat. Rats were drug naïve for the start of each study, and the experimenter who scored scratching was blind to the drug treatments, except for the highest dose of nalfurafine (0.1 mg/kg). All rats were initially tested twice with 5HT alone, and only rats that exhibited greater than 10 mean scratches during these sessions were included in this study (8 of 12 rats evaluated).
Data analysis The primary dependent variable was the number of scratching bouts counted during each observation period in each rat. Treatment effects were evaluated by one-way ANOVA. Ketoprofen propionate (Spectrum Chemical Co., Gardena, CA), lactic acid (Sigma-Aldrich, St. Louis, MO), and serotonin HCl (Sigma-Aldrich, St. Louis, MO) were purchased from commercial suppliers. All chemicals were dissolved in sterile saline, and doses/concentrations refer to the forms described above.
Drugs
Results
Nalfurafine effects on acid-stimulated stretching and 5HT-stimulated scratching We have reported previously that IP saline does not elicit significant stretching, and peak stretching is elicited by an IP administration of 1.8% lactic acid . Figure 1a shows that nalfurafine produced a dosedependent decrease in stretching stimulated by IP 1.8% lactic acid. Similarly, Fig. 1b shows that ID 5HT stimulated significantly more scratching than ID vehicle, and nalfurafine produced a dose-dependent decrease in 5HT-stimulated scratching. Nalfurafine doses of ≥ 0.01 mg/kg were sufficient to significantly decrease both acid-stimulated stretching and 5HT-stimulated scratching. Statistical results for these and all other results are shown in the associated figure legends.
Nalfurafine effects on ICSS in the absence of pain or itch stimuli For all rats in the present study, the mean ± SEM maximum control rate was 57 ± 2 stimulations per trial, and the mean ± SEM number of total baseline stimulations per component summed across all brain-stimulation frequencies was 251 ± 12 stimulations per component. Figure 2 shows that electrical brain stimulation maintained a frequency-dependent increase in rates of ICSS responding, and nalfurafine produced a dose-and time-dependent decrease in responding for brain-stimulation reward. Dose-effect data are shown in Fig. 2a, b , and doses ≥ 0.01 mg/kg significantly decreased rates of ICSS responding. Time-course data are shown in Fig. 2c, d , and the ICSS rate-decreasing effects of nalfurafine peaked after 30 min and persisted for up to 300 min before recovering back to baseline after 1440 min (24 h). Figure 3 shows the effects of pretreatment with vehicle or the KOR antagonist JDTic on subsequent effects produced 24-72 h later by cumulative doses of nalfurafine or morphine. After vehicle pretreatment, both nalfurafine and morphine produced dose-dependent decreases in ICSS. JDTic pretreatment antagonized the effects of nalfurafine but not of morphine.
Nalfurafine effects on pain-or itch-related depression of ICSS We have reported previously that IP acid produces a pain-related depression of ICSS Negus 2013) . Figure 4 shows that ICSS can also be depressed by ID 5HT as an itch-related stimulus. Specifically, ID 5HT produced a rightward shift in the ICSS frequency-rate curve (Fig. 4a) and a significant decrease in the total number of stimulations per component (Fig. 4b) . This same dose of 5HT administered IP had no effect, and the analgesic drugs ketoprofen and morphine failed to block ID 5HT-induced depression of ICSS (Fig. 4b) . Figure 5 shows that nalfurafine doses sufficient to block acid-and 5HT-stimulated behaviors failed to block acid-or 5HT-induced depression of ICSS. Specifically, Fig. 5a , b shows that nalfurafine (0.001-0.01 mg/kg) failed to block acid-induced depression of ICSS. Rather, doses of 0.0032 and 0.01 mg/kg only exacerbated acid-induced depression of ICSS as indicated by analysis of full frequency-rate curves (Fig. 5a ) and the summary measure of ICSS (Fig. 5b) . Similarly, Fig. 5c, d shows that nalfurafine (0.001-0.1 mg/ kg) failed to block 5HT-induced depression of ICSS; instead, nalfurafine doses ≥ 0.01 mg/kg generally produced only an exacerbation of 5HT-induced ICSS depression as indicated by both frequency-rate curve and summary analysis.
Discussion
Nalfurafine effects on pain-and itch-stimulated behaviors Results of the present study agree with previous studies reporting that nalfurafine (Endoh et al. 1999 (Endoh et al. , 2000 Nagase et al. 1998; Togashi et al. 2002) and other centrally acting KOR agonists (Cowan et al. 2015; Kivell and Prisinzano 2010) decrease both pain-stimulated behaviors and scratching elicited in rodents by a range of noxious and pruritic stimuli, respectively. For example, in agreement with the present and previous studies in rats (Negus et al. 2010) , both nalfurafine and the arylacetamide KOR agonist U69593 decreased IP acid-stimulated stretching in mice (Nagase et al. 1998; Seguin et al. 1995) . Nalfurafine also displayed similar potency to decrease 5HT-stimulated scratching in rats (present study) and both substance P-and histamine-stimulated scratching in mice (Togashi et al. 2002) . In the present study, nalfurafine effects on pain-and itch-stimulated behaviors were not evaluated for their sensitivity to a KOR antagonist; antagonism studies were conducted only for nalfurafine effects on ICSS (see below). However, previous studies found that nalfurafine effects on both acid-stimulated stretching and substance Pstimulated scratching in mice were blocked by the KOR antagonist norbinaltorphimine (Nagase et al. 1998; Togashi et al. 2002) .
Nalfurafine effects on ICSS in the absence of pain and itch stimuli As a prelude to evaluating nalfurafine effects on painand itch-depressed ICSS, nalfurafine was first evaluated alone in the absence of noxious or pruritic stimuli. Similar to many other centrally acting KOR agonists such as U50488, U69593, and salvinorin A (Carlezon et al. 2006; Negus et al. 2010 Negus et al. , 2012a Todtenkopf et al. 2004) , nalfurafine produced a doseand time-dependent decrease in ICSS. Furthermore, sensitivity of nalfurafine effects to antagonism by JDTic suggests that nalfurafine effects were mediated by KOR. Thus, the present results suggest that nalfurafine effects on ICSS are similar to those of other centrally acting kappa agonists.
Two other points warrant mention. First, the potency of nalfurafine to decrease ICSS was similar to its potency to decrease both acid-stimulated stretching and 5HT-stimulated scratching (i.e., 0.01 mg/kg was the lowest dose to significantly reduce all three behaviors). KOR agonist-induced decreases in ICSS may be related to sedative, dysphoric, and/or anhedonic effects that KOR agonists produce in humans (Todtenkopf et al. 2004; Carlezon and Chartoff 2007; Negus and Miller 2014; Wadenberg 2003) , although nalfurafine may be less effective than other KOR agonists to produce dysphoric effects (Hasebe et al. 2004; Kumagai et al. 2012 ). This suggests that apparent antinociceptive and antipruritic effects of nalfurafine in our assays of pain-and itch-stimulated behaviors may have reflected non-selective effects on motor competence or motivated behavior rather than selective decreases in sensitivity to either the acid or 5HT stimuli. This conclusion contrasts with interpretations of previous studies in mice finding that nalfurafine and other KOR agonists are often more potent to decrease pain-or itch-stimulated behaviors than to decrease control behaviors such as rotarod performance or wheel-running (Endoh et al. 1999; Schattauer et al. 2017; Seguin et al. 1995; Togashi et al. 2002) . Insofar as centrally acting KOR agonists have not succeeded as clinically effective analgesics, these findings suggest that such comparisons may not be sufficient either to predict clinical analgesic safety or to rule out nonselective effects as a contributing factor to apparent antinociception in conventional preclinical assays of pain-stimulated behavior. Second, nalfurafine has been described as a biased agonist for G protein signaling pathways coupled to KOR (Schattauer et al. 2017) , but the present results with nalfurafine contrast with effects of other G protein signaling-biased KOR agonists that produced antinociception and antipruritus without decreasing ICSS (Brust et al. 2016; White et al. 2015) . It is difficult to directly compare the degrees of G protein signaling bias for nalfurafine and these other compounds given that bias was evaluated using different procedures (Brust et al. 2016; Schattauer et al. 2017; White et al. 2015; Zhou et al. 2013) , and measures of bias can vary across procedures and with KOR from different species (DiMattio et al. 2015; Dogra and Yadav 2015; Schattauer et al. 2017) . Although some G protein signaling-biased KOR agonists may have better safety profiles than non-biased or ß-arrestin signaling-biased agonists, nalfurafine apparently does not have sufficient bias in rats to produce antinociceptive and antipruritic effects without also decreasing ICSS.
Nalfurafine effects on pain-related depression of ICSS The present results with nalfurafine agree with the failure of other centrally acting KOR agonists, such as U50488, U69593, and salvinorin A, to alleviate acid-induced decreases in ICSS (Brust et al. 2016; Negus et al. 2010 Negus et al. , 2012a . Moreover, nalfurafine effects in this procedure contrast with the effects of clinically effective analgesics, including both mu opioid receptor agonists and cyclooxygenase inhibitors, which are effective to block acidinduced depression of ICSS in rats Brust et al. 2016; Leitl et al. 2014; Negus et al. 2012a ). Taken together with data discussed above to indicate that nalfurafine decreased acid-stimulated stretching only at doses that also decreased control ICSS performance, these data are consistent with the conclusion that nalfurafine produces non-selective inhibition of motivated behavior in rats either without producing analgesia or at doses below those that might produce analgesia. Thus, the present results do not support further consideration of nalfurafine as a F(1.95,9 .76) = 62.50 p < 0.001) and time (F(2.01,10.06) = 53.51 p < 0.001) and a significant interaction (F(3.4,17 .0) = 9.00 p < 0.05). d Significant main effect of time (F(2.29,11.44) = 80.38, p < 0.001) stand-alone analgesic drug, a conclusion that appears consistent with the absence of published data on analgesic efficacy of nalfurafine in humans despite supportive preclinical data from assays of pain-stimulated behavior in mice, rats, and monkeys (Endoh et al. 1999 (Endoh et al. , 2000 (Endoh et al. , 2001 Nagase et al. 1998) , and despite the approval of nalfurafine for treatment of a different indication (Inui 2015) . Other centrally acting KOR agonists have also failed to produce adequately safe and effective analgesic effects in humans (Pande et al. 1996) , and the abused KOR agonist salvinorin A has also failed to yield evidence for analgesia among its many other effects in humans (Baggott et al. 2010; Johnson et al. 2011; MacLean et al. 2013) . Although nalfurafine did not alleviate acid-induced depression of ICSS in the present study, another G protein signaling-biased KOR agonist (triazole 1.1) was effective (Brust et al. 2016 ). This discrepancy may reflect a lower degree of G protein signaling bias for nalfurafine than for triazole 1.1, but further studies will be required to resolve this issue.
Nalfurafine effects on itch-related depression of ICSS This study describes the first attempt to develop an assay of itchdepressed behavior that might complement assays of paindepressed behavior and serve as a tool for evaluation of antipruritic drugs. ID 5HT was used as the pruritic stimulus because previous studies found that it is more effective than many other stimuli to elicit scratching in rats (Jinks and Carstens 2002; Klein et al. 2011; Thomsen et al. 2001 ) and because 5HT has been implicated as a mediator of itch in Fig. 3 Effects of nalfurafine and morphine on intracranial selfstimulation in the absence or presence of JDTic. Graphs show effect of vehicle or JDTic (10 mg/kg) on a nalfurafine-induced or b morphineinduced decreases of ICSS expressed as the total number of stimulations per component. Abscissae: dose in milligrams/kilogram (log scale). Ordinates: percent baseline stimulations per component (% Baseline Stimulations). Filled symbols show significant differences between rats treated with vehicle vs. JDTic as determined by two-way ANOVA with JDTic dose as a between-subject variable and test-drug dose (nalfurafine or morphine) as a within-subject variable. A significant interaction was followed by the Holm-Sidak post hoc test, p < 0.05. Data presented are the mean ± SEM of five rats for all treatments, and all rats in the saline and JDTic treatment groups received all doses of both test drugs (nalfurafine and morphine). Statistical results are as follows: a Significant main effects of nalfurafine dose (F(3,27) = 61.83, p < 0.001) and JDTic dose (F(1,9) = 5.383 p < 0.05) and a significant interaction (F(3,27) = 13.28 p < 0.001). b Significant main effect of morphine dose (F(1.19,9.53) = 19.14 p < 0.001), but neither the main effect of JDTic dose (F(1,8) = 1.134, p = 0.32) nor the interaction (F(1.192,9 .53) = 0.13, p = 0.77) was significant Asterisks show significant difference compared to Veh + Veh and pound sign shows significant difference from ID 5HT as determined by repeated-measures one-way ANOVA followed by a Holm-Sidak post hoc test, p < 0.05. Data presented are the mean ± SEM of five rats, and all rats received all treatments. Statistical results are as follows: a Significant main effects of frequency (F(1.17,4.67) = 71.05 p < 0.001) and treatment (F(2.12,8.47) = 20.48 p < 0.01) and a significant interaction (F(3.34,13.34) = 3.954 p < 0.05. b Significant effect of treatment (F(1.83,7.34) = 13.69 p < 0.01) uremic pruritus (Balaskas et al. 1998) . We found that an ID 5HT dose sufficient to stimulate scratching also depressed ICSS. The failure of 5HT administered by the IP route to depress ICSS suggests that, as with scratching (Thomsen et al. 2001) , ID 5HT effects on ICSS are mediated locally by effects in skin. Moreover, the failure of analgesic drugs to block ID 5HT effects suggests that ID 5HT-induced decreases in ICSS are not pain related, and might therefore be itch related. However, nalfurafine doses that decreased scratching did not alleviate ID 5HT-induced decreases in ICSS. As a result, this procedure was not sensitive to any antipruritic effects of nalfurafine. The basis for this discrepancy warrants further study. Although serotonin has been implicated as one mediator of uremic pruritus in humans, other mechanisms may also contribute that are more sensitive to nalfurafine modulation (Balaskas et al. 1998 ). Moreover, it should be noted that, although nalfurafine is approved for treatment of uremic pruritus in Japan, it is not a primary treatment, its effect size has been modest in published studies (Inui 2015; Jaiswal et al. 2016) , and it was not approved for use in Europe due to a lack of efficacy in clinical trials conducted there (European Medicines Agency 2013). Thus, the failure of nalfurafine to alleviate ID 5HT-induced decreases in ICSS depression in the present study may be consistent with the weak and unreliable efficacy of nalfurafine to treat itch in humans.
Summary In summary, the present results do not support further consideration of nalfurafine as a stand-alone analgesic drug and suggest that nalfurafine efficacy and safety to treat itch may be limited. Nalfurafine has been described as a G protein signaling-biased KOR agonist (Schattauer et al. 2017) , and recent studies suggest that G protein biased signaling at KOR may produce analgesic and antipruritic effects with reduced side effects (Brust et al. 2016; White et al. 2015) . However, nalfurafine effects reported here were not distinguishable from effects of relatively nonbiased or ß-arrestinsignaling-biased KOR agonists, suggesting that nalfurafine may lack sufficient G protein signaling bias to produce a desirable profile of analgesic and antipruritic efficacy and safety.
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